A method is described for comparing the sensitivity of two hydrophones over the frequency range 1-15 MHz. This technique forms the basis for the dissemination of national ultrasonic standards in the U.K. over this frequency range. A reference hydrophone is placed in an ultrasonic field and then the device being calibrated is substituted and the two output voltages are compared. This substitution method utilizes a broadband ultrasonic field produced by nonlinear propagation. Thus it is possible to cover the whole frequency range with a single measurement on each hydrophone. The overall uncertainty in the intercomparison of two hydrophones increases from -I-4.2% at 1 MHz to -I-8.2% at 15 MHz (95% confidence level). The method has been compared with discrete-frequency substitution, time-delay spectrometry, and absolute calibrations using the National Physical Laboratory (NPL) Primary Standard Laser Interferometer. Various designs and sizes of hydrophones were compared, and agreement was within the combined random uncertainties for all the comparisons. A third difficulty is that ofpositioning each hydrophone at exactly the same place in the acoustic field and then aligning it such that the sensitivity that is determined corresponds to the peak of the mainlobe of the hydrophone's directional response.
phone sensitivities have been described in the literature. The simplest of these is the discrete-frequency method, m'•7 where the substitution of hydrophones takes place in the farfield of a plane piston transducer that is excited with short tone bursts. This enables the simulation of free-field conditions by using a time gate to remove reflections and electrical interference. However, due to the structure of the acoustic field, a correction is required for spatial averaging whenever the hydrophone size is different from that of the reference hydrophone. At the NPL, the latter correction is performed using the method described by Brendel and Ludwig •ø for determining the G2 correction in two-transducer reciprocity. Positioning and alignment of hydrophones are usually accomplished by simple maximization while viewing the amplified peak of the tone burst on an oscilloscope. The technique is relatively time-consuming, taking approximately 10 min per hydrophone per frequency point per repeat measurement. However, it provides a simple and accurate reference method that can be used over a wide range of frequencies. Typical random uncertainties in the discrete-frequency technique used at NPL are estimated to be less than _ 3% (95% confidence level); overall uncertainties in the intercomparison of the two hydrophones are 4-5% over the range 1-15 MHz. The procedure used at the NPL has been described previously. lø A development ofthe substitution method, suggested by several authors, 2•-24 provides a calibration over a range of frequencies simultaneously. The technique uses a short pulse of ultrasound containing a broad spectrum of frequencies, and measurements are usually performed in the plane-wave region near to the transducer. The hydrophones are substituted into this field and a Fourier analysis is performed on each hydrophone signal. The technique assumes that the hydrophone need be aligned at only one frequency. In addition, the frequency range is limited by the availability of sufficiently broadband transducers. A full validation of this technique has not been reported as it is primarily used as a qualitative method for determining frequency response.
Another development has been the use of time-delay spectrometry (TDS)? '•s'25-2g In this technique, a broadband transducer is driven with a continuous-wave signal. The frequency of this signal is swept such that a given frequency transmitted by the transducer is received by the hydrophone after a delay equal to the propagation time. Thus, by sweeping the center frequency of a filter on the received signal at the same sweep rate as the drive signal but delayed by the propagation time, most of the electrical and acoustical noise can be filtered from the signal to obtain approximately free-field conditions. In practice, a spectrum analyzer and tracking generator are used to implement the technique. If the sizes of the hydrophones differ, there is a need to correct for spatial averaging as a function of frequency. Lewin •5 has used TDS to calibrated hydrophones from 1 to 10 MHz by comparison with a reference hydrophone calibrated by reciprocity. The calibration had an estimated random uncertainty of + 6% and an overall uncertainty of 4-19% (including an unknown contribution from the absolute calibration of the reference hydrophone). Chivers 13 has used the TDS technique to intercompare the frequency responses of hydrophones and has estimated the random uncertainties in this procedure to be + 12%, mainly arising from difficulties in alignment. Ludwig and Brendel •7 have presented a comprehensive discussion of the TDS method with estimated uncertainties that depend on the hydrophones being intercompared. For two hydrophones of a similar type and frequency response, the estimated uncertainty is less than 4-3.5% in the frequency range 1-15 MHz. When intercomparing two hydrophones of different types and frequency responses, these uncertainties rise to between _ 4.7% and 4-12% over the same frequency range. However, these uncertainties were determined by a simple repeat intercomparison of the same two hydrophones. Hence, they represent only the degree of self-consistency of the technique and do not include any contribution from systematic effects. The TDS method is ultimately limited by the accuracy of the spectrum analyzer and this is not included in the above state- merit of self-consistency. A further problem arises if the direction of maximum sensitivity of the hydrophone is not the same at all frequencies. This is also a problem with the present technique and will be discussed in Sec. III. Advantages of TDS are a large increase in speed and a continuous frequency sweep. For some applications, these benefits may outweigh the limitations of the technique in accuracy and frequency range. The principle of the present multiple-frequency technique is to use a substitution process in which each hydrophone is placed at a position in the ultrasonic field where the temporal waveform has a sawtooth shape due to nonlinear propagation. A typical waveform used in this technique is shown in Fig. 1 (a) . The asymmetrical appearance is due to shifts in the relative phases of the harmonics due to diffraction. 6 The harmonics present in such a waveform can extend over a wide range of frequencies enabling a calibration to be obtained at each harmonic frequency simultaneously. 
II. THE CALIBRATION FACILITY
A facility has been purpose-built for the calibration and characterization of hydrophones in a temperature-controlled room. The main components are a polycarbonate wa~ ter tank of internal dimensions 1800 mm long, 300 mm wide, and 310 mm deep, and two coordinate-positioning systems: one for holding a transducer, and the other a hydrophone. These can be seen in Fig. 2 . Two steel bars extend over the length of the tank, defining the z axis and providing the horizontal longitudinal guides for the two coordinate positioning systems. These consist of a horizontal (x axis) and vertical (y axis) translation slide. Each has a vertical rod which supports the hydrophone or transducer mount and also pro- vides adjustment of rotation (about the y axis) and tilt (about the x axis). An essential additional feature of the overall arrangement is the ability to position the hydrophone element such that it is at the intersection of the rotation and tilt axes. This allows all five degrees of freedom to be totally independent, making alignment in an acoustic field easier.
To prevent both cavitation due to dissolved gas in the water and changes in hydrophone sensitivity due to high water conductivity, the tank is filled with degassed and deionized water with a conductivity less than 2 FS/cm. The schematic diagram in Fig. 3 illustrates the remaining apparatus. A I-MHz transducer is placed at one end of the tank and the drive signal is provided through an impedancematching network (Matec Inc) by an ENI AP400 power amplifier with a maximum power output of 400 W. The choice of power amplifier and matching network was determined by the requirement to produce high acoustic pressures at the face of transducers with low electrical impedances (about 10 fl, see Sec. III). Instability of the drive signal can cause problems, but the ENI AP400 has a facility that maintains the maximum undistorted output and provides a drive signal that was measured to be stable to within processing oscillator c•rnplifier øsciJ'øscøpe I j J d-0.5% over the time taken to intercompare a group of hydrophones (up to an hour). To determine this stability, peak-to-peak and rms drive voltages were measured at the transducer terminals using a high-impedance oscilloscope probe. Any harmonic distortion in the drive signal is reduced by the impedance-matching network and the narrow-band transducer. The tone-burst signal to the power amplifier is provided by a gated sinusoidal oscillator, the frequency of which is monitored by a frequency meter, as a small change in this frequency can change the higher harmonic frequencies significantly. The hydrophone is mounted at the opposite end of the tank to the transducer, the total path length being greater than 0.8 m. To prevent interference due to glancing reflec- The choice of digitizer and power amplifier is important, as the sample rate and duty cycle determine the waveform-acquisition time and therefore the speed of the intercomparison process. Unlike some power amplifiers, the ENI AP400 has no in-built limitation on duty cycle. However, to prevent heating of the transducer, the maximum pulse repetition rate used during calibrations is 150 Hz (equivalent to a duty cycle of 0.3% ). This duty cycle gives a time-averaged output power of less than 0.5 W. The heating caused at this power level was estimated to give no significant change in transducer output due to effects such as thermal expansion and change in the piezoelectric coefficients of the transducer with temperature. The waveform-acquisition time could be decreased further by using a faster digitizer, but the present system performs eight averages of the waveform in less than 2 min; this is less than the 5 min required to align each hydrophone between acquisitions. The Tektronix 7854 oscilloscope has an advantage over many faster digitizers because it fits the 1024 digitization points into exactly ten divisions on the trace. This gives an increment between frequency points of 0.20 MHz after performing the FFT. Many other digitizers use 100 points per division, giving a frequency increment of approximately 0.195 MHz. This is a useful attribute when the digitized waveform will be used for an FFT.
III. OPTIMIZATION OF THE METHOD
The usefulness of a hydrophone calibration technique is determined not 0nly by its speed, but also by the precision and accuracy obtainable. To optimize the latter for the pres- An important advantage of this technique is that the effect of spatial averaging over the hydrophone element is negligible because the acoustic beam is broad, even at the higher harmonic frequencies (see Fig. 6 ). In fact, the beamwidth of the nth harmonic is relatively large because of finite-amplitude saturation effects and also 'decreases more slowly with increasing n than the n -•/2 dependence found IV} has been deliberately designed to r•ndomize some of the effects, such as hydrophone misalignment and transducer drive signal instability. Typically, the water temperature varies by less than 0.5 *C during a calibration and the drive signal is stable to within -t-0.5%. 
Vl. ACCURACY ASSESSMENT--SYSTEMATIC UNCERTAINTIES
Systematic uncertainties arise from various sources, some of which are dependent on the type of hydrophone or amplifier used, and others depend on the particular oscilloscope or digitizer. These sources of uncertainty have been investigated for the NPL facility and are itemized in Table I. The total systematic uncertainty in the intercomparison of the two hydrophones increases from -t-3.6% at 1 MHz to q-4.2% at 15 MHz. However, the uncertainty due to the absolute calibration of the reference hydrophone contributes significantly to the total systematic uncertainty in the final sensitivity values. The contributions are combined in quadrature after converting each one to the 95% confidence level [see NAMAS document B3003 (Ref. 32) ] .
A. Linearity of the oscilloscope
For a given range setting on the amplifier of the oscilloscope, there may be a nonlinear response to input voltage. In order to test this in a situation approximating to that during the calibration, a stable oscilloscope calibrator was used to generate a square wave at 1 MHz. A 1500-pF capacitor was connected in parallel to produce a waveform with features similar to a sawtooth waveform (i.e., a steep rising edge followed by a decay). This signal was applied to the oscilloscope amplifier via a switchable Wavetek attenuator (which had been calibrated at NPL to an accuracy of q-0.005 dB) and a 50-fl termination. The measured waveform was acquired for several different attenuation levels on each voltage range of the oscilloscope. At least 10 dB of attenuation was used at all times to prevent the calibration of the attenuator being affected by the impedance mismatch at its input. By comparing the magnitudes of the harmonic components in these waveforms, it was possible to determine the linearity of the system over the frequency range 1-15 MHz.
B. Resolution of the oscilloscope
The Tektronix 7854 oscilloscope has a 10-bit accuracy which corresponds to a resolution of -t-25/zV. However, the effect of this resolution limit is reduced by the acquisition of 5n cycles of the nth harmonic and by repeating the measurements four times (hence a total of 20n acquisitions). Thus the effective resolution is reduced to q-25 (20n) -•/2 pV.
The lowest measurable hydrophone sensitivity (approximately 10 nV/Pa) would give a signal with a typical amplitude of approximately 2/n mV at the nth harmonic. The quotient of the effective resolution and this typical amplitude gives the uncertainty due to this effect, which can be as large as _+ 0.28 n•/2% for a hydrophone with low sensitivity.
Note that this is the worst case, and it is often possible to obtain a signal giving ten times better resolution (using a hydrophone with 100-nV/Pa sensitivity).
C. Range-to-range variation of gain
The variation in the calibration of the oscilloscope amplifier for each voltage range was determined at two frequencies using a stable sine-wave generator and a calibrated attenuator (see See. VIA). A correction based on these measurements is applied to each acquired waveform before performing the FFT. A residual systematic uncertainty remains due to the accuracy of the calibration method. The accuracy of the absolute measurement of voltage is not important for intercomparison techniques, as only relative measurements are required. measurement does not suffer from these effects. This prox;ides the worst-case estimate and is a reasonable assumption, considering the reference hydrophones usually have signal-to-noise ratios exceeding those used for the above cal- There is also a mechanism by which the noise could systematically reduce the measured magnitudes of the harmonics. The time base of the oscilloscope is triggered when the leading edge of the hydrophone signal exceeds a preset threshold level, and in the presence of significant noise, this is an unreliable procedure. The peak noise level in the total 60-MHz bandwidth of the system is approximately 0.33 mV (not including digitization noise, as this would not cause jitter on the trigger). The trigger is taken from the steep rising edge of the sawtooth waveform, which has a slope of between 0.8 and 2 MV/s, depending on both sensitivity and bandwidth of the hydrophone. In the worst case of a slope of 0.8 MV/s, the jitter on the trigger would be less than 0.5 ns. 
H. Linearity of the hydrophone
This has been dealt with for PVDF membrane hydrophones, 34 and an estimate of the associated systematic uncertainty has been assigned, which represents the accuracy with which the'linearity has been measured at the NPL.
I. Directional response coaxiality between frequencies
For this calibration technique, the hydrophones are aligned for maximum signal using a 20-or 40-MHz highpass filter in order to increase the sensitivity to misalignment. However, an assumption is made that the peak of the directional response occurs in the same direction at all the frequencies below this. The uncertainty reflects the confidence in this assumption, as discussed in Sec. III.
J. Spatial averaging over the hydrophone element
As mentioned in See. III, no correction for this effect is required because the ultrasound beam lacks structure and is sufficiently broad at all the frequencies in the range used. The uncertainty reflects the insignificance of spatial averaging in this calibration technique.
K. Amplifier linearity
This uncertainty has been determined at NPL in the first instance by measurements of the amplifier gain with peak-to-peak output voltages ranging from 1 mV-1.2 V at 5 and 10 MHz. Further measurements have been carried out using the method described in Sec. VIA to simulate a steep rising edge. Those measurements checked the dependence of the linearity on frequency from 1 to 15 MHz.
L. Correction to open-circuit sensitivity
The procedure described in Sec. IV for converting the end-of-cable loaded sensitivity to an end-of-cable open-circuit sensitivity relies primarily on accurate impedance measurements. The systematic uncertainty reflects the effect of the manufacturer's specification of accuracy for the Hewlett-Packard HP 4193A vector impedance meter. This corresponds to an uncertainty of approximately + 15% for most of the range of impedanees measured. The quoted uncertainty is based on a load capacitance of approximately 6 pF and would be larger if the hydrophone were connected directly to an oscilloscope with a 20-or 30.pF input capacitance because the correction itself would be much larger.
M. Alignment of the hydrophone
The effect of not locating each hydrophone element at the same place and in the same orientation has been included in the random uncertainties due to the four repeat measurements undertaken. However, there is a very small systematic uncertainty arising from the fact that some hydrophones are more difficult to align than others. The uncertainty arising from the difficulty of positioning each hydrophone at the same distance from the transducer is less than 0.01%. This is derived from the reproducibility of the position along the z axis combined with the slope of the curves in Fig. 4. 
N. Capture of the waveform
When the computer performs the FFT, the time window used for digitization is assumed to be equal to a multiple of the period of the waveform. Thus a contribution to the systematic uncertainty arises from failing to digitize exactly an integer number of cycles in the waveform. To minimize this effect, the computer fits a straight line to the last 15 points on each end of the waveform to enable the operator to cheek whether they line up to within a required tolerance. For this purpose, the digitized window is positioned to start on a moderately steep part of the hydrophone waveform. A series of measurements was performed with a range of deliberately incorrect window lengths and the results showed a definite trend with the greatest errors at the higher frequen- 
VII. ACCURACY ASSESSMENT---OVERALL UNCERTAINTIES
The overall uncertainty is determined by combining in quadrature the typical random uncertainties and the total systematic uncertainties (see Table I Table II gives the difference between the methods at several harmonic frequencies along with the rms differences which give an indication of the overall agreement between techniques at each frequency. The difference was calculated using difference(%) = multiple --discrete X 100, discrete which means, for example, that a difference of --1.5% indicates that the ratio of the two sensitivities determined by the multiple-frequency technique was 1.5% lower than that from the discrete-frequency method. The table shows that, for all the hydrophones measured, the two techniques were in agreement within the combined random uncertainties which increase from -t-3.5% at 1 MHz to _ 7.5% at 15 MHz (95% confidence level).
B. Comparison with inteHerometry
Although the discrete-frequency method is a good reference technique, at NPL the same hardware is used to perform the waveform acquisition as for the present method. Thus it is useful to compare the technique with an independent calibration method.
The absolute technique used at the NPL for hydrophone calibration is based on optical interferometry and has been described elsewhere? Several hydrophones have been calibrated on the NPL Primary Standard Laser Interferometer from 1 to 15 MHz, and the ratio of their sensitivities can be compared with the results of the present technique. Figure  9(a) shows the results for the ratio of a needle-probe hydrophone to a coplanar shielded membrane hydrophone, and Fig. 9 (b) shows the intercomparison of a bilaminar shielded membrane hydrophone to a coplanar shielded device, both with 1-mm-diam active elements. Table III probe type. 14 It should be noted, with reference to Fig. 9(a) , that large discrepancies can occur below 3 MHz when intercomparing the latter type of hydrophone. This may be due to the rapid fluctuations in their sensitivity at frequencies below 3 MHz, combined with slight variations in the calibration frequency (see below for further discussion). Apart from these discrepancies for PVDF needle-probe hydrophones, agreement between the two techniques was within the combined uncertainties.
C. Comparison with time-delay spectrometry
Two PVDF needle-probe hydrophones 14'1• have been intercompared using the discrete-and multiple-frequency techniques. These probes were supplied with calibrations obtained by the manufacturer using the TDS technique (see description in Sec. I). Thus the ratio of the two hydrophone sensitivities as determined by TDS can be calculated, and this ratio is independent of both the reference hydrophone used in the original TDS intercomparison and the absolute calibration method. The three techniques are compared in Fig. 10 and, with The method requires that the direction of maximum sensitivity of the hydrophone be the same at all frequencies. If this is not the case, then a discrete-frequency method must be used. It is also likely that hydrophones with resonances or other fine structure in their frequency response below 15 MHz may be subject to uncertainties higher than stated. The lowest hydrophone sensitivity that can be measured using this method is approximately 10 nV/Pa, and the highest sensitivity is limited only by the maximum input voltage of the hydrophone preamplifier.
It is possible to obtain information above 15 MHz using this technique, and harmonic frequencies up to 30 MHz have been used to determine the directional response of hydrophones. This has shown that the technique can determine the sensitivity as a function of both frequency and direction. However, the information above 15 MHz will only be of use for calibration purposes when reliable absolute calibrations are possible at these frequencies. Alternatively, it would be possible to increase the fundamental frequency to obtain information at even higher frequencies. Although the equipment used in this implementation of the method is relatively complex, the technique could be implemented on most ultrasonic test facilities that incorporate a computer-controlled digitizer. In contrast, the TDS method requires a sophisticated spect. rum analyzer as well as 
